We have performed systematic Monte Carlo studies on the influence of shifting the walls in slitlike systems constructed from folded graphene sheets on their adsorption properties. Specifically, we have analysed the effect on the mechanism of argon adsorption (T = 87 K) and on adsorption and separation of three binary gas mixtures: CO2/N2, CO2/CH4 and CH4/N2 (T = 298 K). The effects of the changes in interlayer distance were also determined. We show that folding of the walls significantly improves the adsorption and separation properties in comparison to ideal slitlike systems. Moreover, we demonstrate that mutual shift of sheets (for small interlayer distances) causes the appearance of small pores between opposite bulges. This causes an increase in vapour adsorption at low pressures. Due to overlapping of interactions with opposite walls causing an increase in adsorption energy, the mutual shift of sheets is also connected with the rise in efficiency of mixtures separation. The effects connected with sheet orientation vanish as the interlayer distance increases.
Introduction
Recently, Lu and Dai [1] In our recent study [3] we reported for the first time a detailed procedure for creating a simulation model of energetically stable, folded graphene-like pores and simulation results of CO2/CH4 and CO2/N2 separation using these structures. It was shown that folding of graphene structures is a very promising method to improve the separation of CO2 from mixtures with CH4 Moreover, it is well known that the application of so called two-phase polymerization [4] can leads to the creation of porous carbon containing channel like pores. In this case one can imagine that the pores are created from folded graphene walls, and now they are not parallel but shifted.
One can therefore imagine that intermediate cases of porosity are also possible.
The problem of the deformation of the graphene sheets is also the subject of the intensive used the pores constructed from the corrugated walls during their NLDFT studies on pore size distribution (PSD) determination from the experimental adsorption isotherms for the real carbons.
They showed that due to the use of this approach the typical artefacts of the homogeneous slit pore model were eliminated. Also, the agreement of the new models with experimental data was significantly better than that of the standard slit model. Moreover, one of the available models in interactive SAIEUS software from [http://www.nldft.com/] for the analysis of adsorption (PSD calculation data using NLDFT theory) assumed corrugated geometry of pore walls.
In the present work, we present the results of systematic Monte Carlo studies on adsorption in model systems constructed from folded graphene sheets. The effects of degree of folding, mutual shifting of the walls and increase in the interlayer spacing are investigated. We consider Ar adsorption at its boiling point and adsorption and separation of model binary gas mixtures (CO2/N2, CO2/CH4 and CH4/N2) at 298 K. Finally we compare obtained results with those calculated previously for nanotubes and porous carbons.
Calculation details

Simulation boxes
We constructed multiplied slit-like systems using folded graphene sheets generated in our previous paper [3] . We used three thermodynamically equilibrated sheets with different Ax.xxHyy.yRSz/zz where x.xx is the amplitude, yy.y is the effective interlayer distance and z/zz is the relative shift. In addition, for each series (for a given combination n of A and Heff values) we also constructed the reference boxes using ideal flat graphene sheets (A = 0.00) placed at analogous distance. These systems are denoted as A0.00Hyy.y. The selected systems together with applied notation are presented in Figure 1 . Table S1 in online supplementary data collects the sizes of all the considered simulation boxes.
The porosity of all the studied carbonaceous adsorbents was characterised by a geometrical method proposed by Bhattacharya and Gubbins (BG) [5] . The implementation of the method was described in detail elsewhere [6, 7] . In order to calculate the histogram of pore diameters we applied the uniform grid of test points (200×200×100) for each box.
Simulations of argon adsorption isotherms
Argon adsorption isotherms in all the considered systems were simulated using the hyper parallel tempering Monte Carlo method (HPTMC) proposed by Yan and de Pablo [8] . The simulations were performed for Ar boiling temperature (T = 87 K). For each system, 93 replicas (corresponding to the relative pressures (p/ps, where p and ps denote absolute and saturated vapour pressure at the given temperature, respectively) from 1.0×10 -10 to 1.0) were considered.
The methodology of computations was described in detail previously [6] . The HPTMC simulations utilized 1×10 7 cycles (one cycle = 100 attempts of the change of each replica state by (i) creation, (ii) annihilation or (iii) displacement of a randomly chosen atom with equal probabilities, and one attempt of a configuration swap between a pair of randomly chosen replicas). The first 2×10 6 cycles were discarded to guarantee equilibration. Table 1 collects the values of applied Lennard-Jones (LJ) parameters.
For each simulation point (value of relative pressure) the adsorption amount was calculated from the average number of Ar atoms in each replica ( Ar ):
where NC and MC are the number of carbon atoms in the box and the molar mass of carbon, respectively. In addition, for each isotherm the value of Henry's (or Langmuir) constant (KH/L) corresponding with low-pressure region was also determined. The details of these calculations are described in online supplementary data. Finally, the isosteric enthalpy of adsorption (q st ) was also calculated (from the theory of fluctuations) to study the energetics of the process.
Simulations of gaseous mixtures adsorption
We simulated the adsorption of three binary gas mixtures (important from practical point of view): CO2/CH4, CO2/N2 and CH4/N2. Their adsorption at T = 298K in the above-described boxes was modelled using the grand canonical Monte Carlo method (GCMC) [14, 15] .
Simulations were performed for the total mixture pressure ptot = 0. . The methodology of calculations was analogous to that described previously [16, 17] . Each GCMC simulation run consisted of 2.5×10 8 iterations. The first 1.0×10 8 iterations were discarded to guarantee equilibration. One iteration was an attempt of the system state change by the randomly selected perturbation: (i) displacement and/or rotation of a randomly chosen molecule, (ii) creation of a new molecule, (iii) annihilation of a randomly chosen existing molecule or (iv) swap move with equal probabilities. We used equal probability for each perturbation to guarantee the condition of microscopic reversibility. The values of all the applied interaction parameters are collected in Table 1 . Other computational details are given elsewhere [11, 16, 18] .
From the GCMC simulation results, we determined the average numbers of each kind of adsorbate molecules in the simulation box. These values were used for calculation of mole fractions of components in the adsorbed phase (xi). Finally, in order to illustrate the efficiency of mixture separation we also computed the values of equilibrium separation factors:
The adsorbed phase is enriched in the 1 st component if S1/2 > 1. Similarly as in the case of Ar adsorption, the isosteric enthalpy of adsorption was also calculated from the theory of fluctuations. Figure 2 collects the pore size histograms calculated using the BG method. Generally, one can observe three important effects. Shifting of the walls increase the pore size, simultaneously very small pores between opposite bulges of carbonaceous structures appear. The effect of the appearance of small pores is especially visible on Figure 3 showing the visualization of pore sizes detected by the BG method. Obviously, an increase in interlayer distance causes the rise in pore diameters. Finally, one should notice that for some structures (especially for large RS) the pore diameter reaches the range of mesopores. Figure 4 collects simulated Ar adsorption isotherms for carbons composed of folded graphene pores, and the isotherms for reference systems (i.e. ideal slit-like graphene pores). It is seen that with the rise in A value maximum adsorption capacity decreases, compared to the reference systems. This is caused by the decrease in pore volumes during the folding of pore walls (see the size of simulation box in x direction (Lbox,x) collected in Table S1 in online supplementary data). On the other hand, for all the studied cases in the low-pressure limits of adsorption isotherms we observe a rise in adsorption compared to the reference materials. We also observe a rise in pore filling pressure with the rise in RS value for a given series (i.e. for fixed A and Heff) caused by the rise in pore diameters (see Figs. 2 and 3 ). Similar effect is observed if the pore diameter increases.
Results and discussion
The structure of carbons and its influence on Ar adsorption
Considering the systems with the smallest interlayer distance between pore walls (i.e. H1 series) one can observe remarkable changes with the change in the RS value. Namely, with the rise in RS value the isotherms become steeper, and this effect is the most strongly visible for RS supplementary data). Due to this effect, the influence of the RS change on adsorption isotherms is in this case small (Fig. 4) .
Since the rise in pore width causes a simultaneous rise in the maximum adsorption capacity one can observe the change in adsorption mechanism (see animation_04, 05 and 06 in online supplementary data). In the case of the H2 series (Fig. 4) The differences between isotherms at low pressures are confirmed by the values of Henry's (or Langmuir) constants which are collected in Table 2 and plotted in Figure S1 in online supplementary data. As above the rises in the values of KH/L reflect the regularities observed on Figure S2 and S5 in online supplementary data). A different situation is observed for the H1 series if the separation of a CH4/N2 mixture is considered (Fig. 8) . In this case, a significant rise in separation Finally for the H3 series the RS value practically has no influence on separation efficiency. In this case the higher efficiency in comparison to the ideal slit-like systems is determined by the adsorption on surface (higher adsorption energy on folded sheets). causes that adsorption takes to take place not only in highly-energetic places but molecules are also bonded on centres having lower adsorption energy. Multilayer adsorption (or even total filling of accessible pores) is also possible especially in the case of CO2 since the considered temperature (298 K) is below the critical value for this gas (304 K). Thus, the rise in total pressure value is usually connected with some increase in the equilibrium separation factors. This is caused by the enhanced disproportion between adsorption of dominant and less adsorbed components. There are some exceptions related to the adsorption of CO2/N2 and CO2/CH4 mixtures in the A0.50H1.08RS2/16 system. In these cases maxima on the curves in low pressure region are observed. Similar (but less pronounced) behaviour is also observed for A0.75H1.52RS2/16 and A0.50H1.38RS4/16. As it was discussed above, high selectivity of mixtures adsorption in these structures is connected with the appearance of narrow pores between opposite bulges. The rise in the total pressure causes means that adsorption takes place not only in these optimal places but also in the remaining pores where selectivity is not as high. In consequence, average value of equilibrium separation factor decreases. 
Comparison with other systems
14
To show a comparison with other systems, we chose the mixture CO2/CH4 Figure 15 presents Summing up, our results show that the structures studied in this work containing pores with folded graphene walls should reveal better separation properties than single-walled carbon nanotubes and activated carbon having similar pore diameters.
Conclusions
We present the results of systematic Monte Carlo studies on the influence of mutual shift of walls in slit-like systems constructed from folded graphene sheets on the mechanism of argon adsorption (at its boiling point) and on the adsorption and separation of binary gas mixtures (at room temperature). We demonstrate that folding of the walls significantly improves the adsorption and separation properties in comparison to ideal slit-like systems. Moreover, we show that mutual shift of sheets (for small interlayer distances) causes the appearance of small pores between opposite bulges which causes an increase in Ar vapour adsorption at low pressure. Due to the overlapping of interactions with opposite walls causing an increase in adsorption energy the mutual shift of sheets is also connected with the rise in efficiency of mixture separations. The effects connected with sheet orientation vanish as the interlayer distance increases.
The presented results show that the structures studied in this work containing pores with folded graphene walls are very promising since they may reveal display better separation properties than single-walled carbon nanotubes and activated carbon having similar pore diameters.
